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CHAPI'ER I

INTROOOCTION
As the world in which we live becomes more crowded, the specter
of food shortage looms larger.

As long as the world population is

increasing, the food supply must also be increased to offset predic
ted shortages o
One area under development is the ocean, and federal money is
being invested in·research on ocean.farming techniques [l].
mediate gain, however, ma

More im

be obtained by bolstering the already

immense capability of the agricultural community.

This may be ac

complished by inc_reasing the yield of the land under cultivation,
or by enabling more land to be cultivated.

Irrigation has been used

successfully in aiding both.
When and how much water to apply are fundamental questions in
the field of irrigation [2].

These questions, as well as the limited

supply of suitable w·'ter, imply application of water with care and
precision.

Rising labor costs, coupled with present low water costs

have made irrigated agriculture a very low efficiency user.

This ,

occurs at a time when competition for water among domestic, indus
trial, recreational, and agricultural users is increasing at an
alarming rate [3].
Automation of surf ce irrigation offers one way to conserve
labor and water in many farming areas.

There has already been much

.development of the mechanical aspects of an automated irrigation sys
tem, such as automatically controlled gates and valves [2 - 9].
These devices in themselves are labor saving, but even more may be
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gained through the use of a fully automctted system.

Ideally, the sys

tem should sense the moisture available in the soil, turn on the water
supply when the moisture drops to a predetermined level, and turn off
the water supply when the moisture content reaches an adequate level.
It is the intent of this thesis to investigate an automatic
The prelim

irrigation system which will be reliable and economical.

inary literature search uncovered a number of methods used to mea
sure the amount of soil moisture, but none of the method� seemed to
meet all the requirements of an automatic system.

Emphasis will be

placed on finding a moisture sensor which will satisfy the system re
quirements.

This will be _done by evaluating existing methods, and

attempting to develop a new method experimentall y.
A.

Automatic Irrigation Requirements
Automatic irrig tion requirements are similar to present non

automatic irrigation requirements.
supply and relatively level terrain.

Common needs are a suitable water
SUitable water is usually most

economically obtained from a reservoir at a greater elevation than .the
area to be irrigated. · However, in many cases it is feasible to install
pumps using diesel, electric, or other source of power.

Land with

ideal contour for efficient water distribution is rare, but in some
areas it is possible to alter the land contour by grading.

Land

grading for surface irrigation modifies the land surface in order
that the water applied may flow and spread evenly with a minimum of
erosion.

In California, almost all the land under irrigation has

undergone some degree of land grading (10].
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As

Effic�ent water distribution is hampered by many factors.

discussed previously, the contour of the land is important, but also
the composition of the soil* is a factor.

Gravelly, sandy, and organic

soils usually have the characteristic of a high intake rate.

This

results in a heavy application near the water source with much less
reaching the far end of the field being irrigated.

In such cases

grading does not usually help, and sprinkler type irrigation** should
be seriously considered.

Whether the irrigation is accomplisheQ by

gravity flow or sprinkler methods, the qu,stion of application effi

ciency remains.
B.

System Requirements
The automatic system requirements are dictated in part by the

irrigation recuirem .nts.

The system should minimize water waste and

maximize crop yield, and s ould accomplish this as an attractive al
ternative to m re labor.

The problem of maximizing yield while min

imizing cost is not considered in this thesis.

However, if the system

is able to sense the amount of moisture available to the plants, and
administer the proper amount of water, determined by the type of soil
and plant, the problem may be answered through proper adjustment of
the system.
*Soil is defined as the loose surface material of the earth in which
plants grow. It has been fonned by the disintegration of the litho
sphere and the decomposition of plant life. See reference [11].
**Irrigation may be of the gravity flow type or sprinkler type.
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A block diagram of the system is shown in Figure 1. 1.

From the

figure it is seen that the system requires:
1.

Moisture sensors

2.

Transmitters*

3.

.Receivers** -

4.

Information channels

5.

Central processor

6.

Water control gates or valves

The moisture sensors must be capable of remote, untended oper
ation.

They must be able to sense soil moisture accurately, with

reasonable response time, and must be reliable and weather resistant.
The power source should be self contained and capable of operating
the sensor for at least one growing season.

The sensor output must

be of a form capable of driving the associated transmitter.
The transmitter converts the information from the sensors, or
the processor, to the signal to be sent to the appropriate receiver.
The transmitters at the sensor sites have the same reliability requirements as the sensors and should operate from the same power source .�s
the sensors.

The transmitter at the central processor must send the

commands to the water control devices.

It might be desirable to have

a transmitter located at each.control gate, to send gate position if'
formation back to the processor.

This would enable the water to be

turned off should a failure occur.

• , ••Generic terms including modulators and demodulators 12 •
[ 1
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Re ceivers will be loc ated at each sensor, the central processor,
and the water c ontrol gates.

The receivers at the sensors will de

code* information scut by the proc essor.

This information will be

in the form of an inquiry of moisture status at individual sensor
locations.

Upon rec eiving the appropriate signal, the receiver must

activate the transmission of moisture information from the sensor.
The info

ation c hannels from the sensors to the central pro

cessor should probably be a line of sight radio link.

The c hannel

from the processor to the control gates could be radio, c able or other,
dependent upon individual system installation.
The central processor is the heart of the system.

It must be

able to initiate moisture measurements, decide when water should be
applied, and c ontrol the water application.

It should also be able to

analyze the system for_faults, and have the capability of turning off
the system and water supply should the fault be of a serious nature.
The water control gates or valves must be remotely operated.
The sele ction of gates or valves suite d to remote operation is small.
Various types have bee n designed for automatic irrigation systems [2-9).
Some of these may be suitable if the power requirements are compatible
with that available at the installation site.
As wate r usage increases, it is logical to assume that more
justification for its use will be required, and ineffic ie nt usage
will be discouraged.

It is conceivable that in the not too distant

*Decode or demodulate. Decode is usually applied to digital informa
tion, demodulate to analog information. See p.2, [12).
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future, all large water users will be closely watched.

The central

pro�essor in the proposed system might be required to transmit its
water needs to a central computer in each irrigation district, which
would be able to assign priorities if water were in short supply.
Weather data might also be included in influencing the decisions.

The

controller of the irrigation district would delay sending water if a
heavy rain were imminento

8

CHAPTER II
SOIL MOISTURE SENSORS
There have been many methods d�vised to detennine the quantity
of moisture in a given amount of soil.

Not all of these methods may

be considered sensors, as a sensor is a device which measures the
desired parameter directly.

Many of the methods devised to measure

soil moisture are indirect, that is they require intermediate steps
such as removal of a sample, or operator assistance.
This chapter will give a brief description of the various
methods of soil moisture determination, and then analyze those meth
ods suitable for automatic system use.
A.

Survey of Measurement Methods
In the following descriptions, most of the devices will mea

sure percent soil moisture or PCM [11).

PCM is defined as the

weight of water in the soil, divided by the weight of the dry
soil, the quantity multiplied by 100% [13), e.g.
PCM= Weight of water in a soil sample
Weight of the dry soil sample

X 100%

(2.1)

If a particular device measures a different quantity such as volume
percent moisture content, it will be mentioned in the description.
Probably the most reliable and potentially accurate of mois
ture measuring methods is the gravimetric method.
collected and weighed.

A soil sample is

It is then dried and weighed again.

weights are then to be used to calculate PCM directly.
variations within this method used in drying the sample.

The two

There are
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The most reliable, as well as the slowest drying method is placing
the sample in an oven at moderate temperature for approximately
twenty-four hours.

The temperature must not be too high or organic

matter in the soil will be oxidized.

Since the time required to dry

the sample is rather great, some techniques to hasten drying have
been us ed.

The soil sample may be mixed with alcohol, and the alco

hol burned off, the water being driven off as steam.

Although this

does speed the drying process, it also oxidizes organic matter, and
is only accurate for soils with very low organic matter content.
Lowering the pressure on the soil sample by means of a vacuum pu�p
has also helped speed the drying process during heating [14].

This

method is best perfonned in a laboratory by a trained technician to
assure accuracy.
Chemical methods have been us ed with success.
a known weight of soil with alcohol.
the water- alcohol solution.

One method mixes

The soil is then filtered from

The specific gravity of the solution is

measured, and the PCM is then to be calculated using tables re�. ting
specific gravity of the alcohol solution to water content [11].
Another chemical method is the carbide method.

The carefully

weighed soil sample is placed in a sealed chamber with an excess of
CaC2 .

The water in the soil combines with the CaC2 to produce acety

lene gas.

The water content of the soil sample is then to be calcu

lated by measuring pressure or temperature increase.
The chemical methods are well suited to field testing but are
des tructive to the sample.
practical purposes.

They also require an operator for all
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The pentrometer method is suitable for fiold work, but is at
best, inaccurate.

A probe is forced into the soil and the amount

of force is noted or, the probe may be a flat blade and the torque
required to twist it is recorded.

T�e amount of force required is

used to enter a table calibrated for the soil under test.

This method

is only reasonably accurate for heavy, clay type soils, as these
soils become more plastic with the-addition of water.

In lighter,

sandy soils, this is not necessarily true, and the pentrometer is
useless for soil moisture measurement in many areas [15].
The Lysimeter method isolates a large mass of soil from the
surrounding soil by means of concrete or metal walls.

Some means of

weighing the entire mass by permanently installed apparatus must be
provided.
mined.

From the weight variations the moisture content is deter

This method is very expensive relative to other methods [11].

The electrical methods have been, and still are, very popular.
Work with the conductivity of soil is recorded as early as 1897.

In

this early work, probes of specific dimensions were buried in the soil,
and the conductivity of the soil was measured.

Unfortunately, the

conductivity is not determined by the amount of water available alone,
but is also very strongly affected by the total ionic concentration.
of the soil solution.

It was not until Bouyoucos and Mick, who, in

1939 embedded the probes in a gypsum block, that any progress was
made in dealing with the ionic content problem (13].
The gypsum block acted as a buffer to the changes in the ionic
concentration of the soil around it.

Since gypsum is porous, it
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readily gives up or takes on moisture .from its surroundings, and
since its dielectric constant is proportional to its moisture content,
the conductivity of the gypsum may be related to the amount of mois
ture in the surrounding soil.
The gypsum, or Bouyoucos block, unfortunately, did not elimi
nate all problems.

Permanently installed systems must be recalibra

ted at fre_quent intervals, and la�oratory calibrations do not agree
very well with field_ results [11].
The tension method measures pressure inside a porous cup which
is usually constructed of a ceramic material.
water and placed in the soil.

The cup is filled with

Water inside the cup tends to flow out

of the cup into drier surroundings, thus decreasing the pressure in
side the cup.

No actual water flow occurs since water is essentially

not compressible.

The tension, or pressure drop inside the cup will

tend to equal the water tension in the soil.

This yields a direct

me�sure of water availability to the plant whicb is independent of
the soil type and is more useful than PCM in irrigation use [14].
The greatest disadvantage of the tension method is the response
time.

The amount of moisture in the soil after irrigation, or after

a heavy rain, may only be accurately determined after a period of
twenty-four or more hours [11].
Nuclear methods are costly, but are capable of good accuracy
without recalibration for different soil types.

A direct method of

measurement uses a source of fast neutrons imbedded. in the soil.
The fast neutrons are only slowed appreciably when they collide with
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a particle with a mass nearly equal to their own.
collision with another neutron or proton.

This implies a

The only source of any

quantity in a mass of soil is the hydrogen nucleus, and fortunately,
in soil, the water molecule is the major source of hydrogen.

The slow

neutrons may be selectively detected, and soil moisture determined if
the source of fast neutrons is known and constant.

One difficulty

with this method is that it is not-possible to measure the soil
moisture at a given depth.

A volume of soil is measured and

measurements within a few inches of the surface are not possible [15].
Another method which overcomes this difficulty is the gamma trans
mission technique which measures th,. .- attenuation of gamma rays over a
given path through the soil.

The attenuation is proportional to the

density of the soil and, if the dry density of the soil is known, the
moisture content may be measured (16].
The nuclear methods require an operator due to the care re
quired in handling the radioactive source.

The possibility also

exists that repeated use at one spot may damage plant life (17].
Thermal methods have been developed with some· degree of success.
The heat capacity and thermal conductivity of soil increase as water
is added.

Heat capacity has been utilized by burying a metal rod in

the soil and applying a fixed amount of heat to it.
time lapse, the rod's temperature is measured�

After a suitable

The soil moisture con

tent is then calculated from the temperature decrease.

Thermal con- .

ductivity may be used by applying ·a given quantity o·f heat at a point
in the soil, and measuring the temperature rise a short distance
away., the rise being related to the amount of moisture in the soil.

13
Both thermal methods require recalibration for different soil
types.

Consistent measurements are difficult to obtain due to

changing contact with the surrounding soil.

The beat applied to the

rod, in itself, changes contact for following measurements [11).
Successful use fo fringe capacitance as a means of measuring
soil moisture was reported by A. M. Thomas [18].

Since the relative

dielectric .constant of water is approximately 80, much greater than
that of most soils, a change in capacitance is noted between two
condu ting plates in soil as the soil moisture changes [19).

The only

difficulty seems to be the circuit requirements to measure capaci
tance accurately at the necessary frequency.

This method 1s discussed

in more detail in Appendix A.
Infrared methods have become feasible with the development of
low cost semiconductor sensing devices.

H. E. Hite, Jr. has developed

a prototype device which is operational, but suffers inaccuracy due
to optical difficulty [13].

The principle of operation is the change

in infrared relection from soil with a change in moisture content.
Nuclear magnetic resonance as a measurement method was inves
tigated by N.

s.

Harasprasad [20].

A sample of soil surrounded by

a sensing coil was placed in a homogeneous magnetic field.

The

sensing coil, positioned so its axis was perpendicular to the mag
netic field, was connected in a bridge circuit which was excited
with radio frequency energy.

As the magnetic field magnitude is

changed, magnetic resonance may be observed as a drop in signal
level in the sense coil as energy is absorbed by nuclear resonance.

243619
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In actual practice, however, the soil contains so many particles of
differing magnetic properties, that the modulated field is far from
homogeneous, and the frequency of resonance becomes a range of fre
quencies virtually impossible to detect (20].
A much more direct attack on the problem is presently under
investigation.

The general condition of the plant itself is measured.

The information is obtained directly from the plant, and is the di
rect response of the plant to its combined soil and atmospheric envi
ronments (21].

The work in this field is relatively recent and there

are many problems to be solved.
B.

System Compatible Sensors
To be compatible with an automatic system, the sensing method

selected must be capable of remote, automatic operation.
ods meet these requirements:

Five meth

thermal, ten:· on, electrical, infrared,

and .capacitance methods.
The tension method, although available commercially, will not be
considered here for irrigation purposes.

Its response time is too

long to react to a heavy rainfall, or to control water shut off in
the automatic irrigation system.
Table 1. 1 lists the soil moisture measurement methods, and
compares theJr relative merits.
column headings.

The X's indicate compliance with the

Of the four types of sensors remaining under con

sideration, only the electrical type is available commercially.

If

commercial availability were not important, the capacitance method
appears to be superior.

Mechanically, the unit is potentially more

Table 2.1
METHOD OF
MEASUREMENT

DOES NOT
REQUIRE AN
OPERATOR

A Comparison of Soil Moisture Measuring Methods

NO LAG IN ACCURACY
FOLLOWING INDEPENDENT
ACTUAL
OF SOIL
MOISTURE
TYPE
CONTENT

THERMAL

X

X

INFRARED

X

X

NUCLEAR
ELECTRICAL

X
X

CHEMICAL
GRAVIMETRIC
CAPACITANCE

X

PENTROMETER
TENSION
LYSIMETER

X

X
X

X

MEDIUM

X

MEDIUM

I

X

HIGH
X

X

LOW

X

X

LOW

X

X

LOW

X

X

X

X

X

X

X

MEDIUM
LOW

X

X
X

RELATIVE
NON
COST
DESTRUCTIVE
TO SAMPLE

RUGGED
MECHANICALLY

X

X
X

GIVES
REPEATABLE
DATA

X

MEDIUM

The l ysimeter has been omitted due to the high cost and difficulty of installation.

...,
Cit
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reliable, but this is offset by increased circuit complexity.

The

method is insensitive to differences in soil type, and does not
require frequent recalibration.

If reliable solid state circuitry

were developed for this method, it would appear to overcome many
of the disadvantages of other methods.

More work in this area is

recommended.
It is unfortunate that the nuclear resonance method attempted
by N.

s.

Harasprasad was not successful, as the amount of hydrogen

nuclei in uncombined water molecules could be measured directly.
This would completely eliminate soil type from the measurement, and
would measure the amount of moisture in units of volume percent.

The

potential accuracy of this system indicated the worth of another
attempt.

The next chapter analyzes the theory and equipment require

ments for a moisture sensing method utilizing free proton precession.
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CHAPrER III
THEORY OF OPERATION
The general theory explaining the basis for proton precession
is discussed in Appendix B.

The actual device design will be simi

lar to the proton magnetometer*.

The proton magnetometer utilizes the

direct relationship between the magnitude of the magnetic field, and
the frequency of proton precession**.
f

=

:t!:.
21T

In equation form

Hz.

(3.1)

where /is an accurately measured constant equal to 2. 67528 x 10 4
oersted- 1 second- 1 for hydrogen nuclei in the water molecule, f is
the frequency of precession or larmor frequency in Hz. and F is the
magnitude of the magnetic field in oersteds.

By measuring the pre

cession frequency accurately, the absolute value of the magnitude
of the magnetic field may be determined.

Figure 3. 1 shows a block

diagram for a typical proton magnetometer.
The sample contains a source of protons and is surrounded by
the coil.

The protons in the sample precess about the earth's mag

netic field, but their phase is random and there is no net magnetic
moment generated by the sample.

Magnetometers have been built using

separate polarizing and receiving coils, but in general it is more
economical to let the same coil serve both functions.

*A detailed description of such a magnetometer may b� found on
pp. 186-190, [22] •.

**See

Appendix B.
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The switching control, upon a measurement initiation, discon
nects the preamplifier from the coil.

The polarizing supply is then

connected to the coil for a timed period.

This produces a strong

magnetic field within the sample, and tends to bring the magnetic
moment of the precessing protons into alignment.

At the end of this

timed period, the polarizing supply is disconnected and after a fixed
delay, the preamplifier is connected.
passed to a counter.
cycles.

The signal is amplified and

This counter is preset to a fixed number of

At the beginning of the count, the gate is opened.

a fixed number of cycles is counted, the gate is closed.
counter must be reset after each measurement.

When

This

The gate controls pas

sage of pulses from the frequency standard to the counter and read
out.

When the gate is elosed, a measurement is complete and the

number stored in the counter and read out is directly proportional
to the magni ude of the magnetic field in �hich the sample is
located .
The requirements of the proposed soil moisture measurement
device and the proton magnetometer are very similar.

The only major

difference is in the measuring circuitry which follows the tuned
amplifier.

The following discussion will examine the design and

operational difficulties anticipated in the experimental work.
A.

Polarization of The Sample
The magnetic dipole created by one proton is far too small to

detect directly by known methods.

The magnetic moment of one proton

is 1. 4 x 10 -23 c. g. s. units [22 ).

One cm3 of water contains

20

approximately 6.2 x 1022 hydrogen nuclei, or protons, at room
temperature*.

If a single proton's behavior were examined, a

quantum mechanical approach would be necessary.
angular momentum is space quantized, allowin

The nuclear spin

only certain discrete

orientations relative to a magnetic field direction.

Since the

sample size is about 100 cm3 , and the total magnetic moment is of
interest, the quantum approach is not necessary.

Classical methods

will suffice to illustrate the opera ing principle.
As mentioned previously, the protons in the sample precess
about the earth's magnetic field but since their phase is random,
there is no net magnetic moment exhibited by the sample.

When a

relatively strong polarizing fi�ld directed perpendicular to the
earth's field is applie� to the sample, the protons will continue
to precess, but will now precess about the resultant magnetic fietd
direction.

In a water sample, the total nuclear magnetic moment at

time t is [2 2 ]
Mt = M0 [l - exp (-t / T1)] erg oersted- 1

· ( 3 . 2)

erg oersted-1

(3.3)

and

where:

M0 = Total nuclear magnetic moment in c.g.s. units
v

= Volume of sample in cm3

t

= Elapsed time in seconds from application of polarization

*Room temperature is roughly 2 2° Centigrade.
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X

= nucl ear magnetic volume susceptibility in erg oerstect-2

Hp = Magnitude of pol arizing field in oersteds
T1 = spin-lattice rel axation time in seconds
The measured v . . lue of the spin-lattice rel axation time in water
is approximatel y 2 . 3 seconds.

This time constant is due to inter

actions between each proton and its surroundings.

The sample gains

energy from the polariz ing field as- the protons become magneticall y
al igned.

However, the energy involved is far too smal l t o allow

spontaneous emission* of the nuclei [24].

Equation (3. 2) shows that

as time, t, becomes large, the total magnetic moment of the sampl e
approaches M0 •

In Equ�tion (3. 3), the volume and the nuclear mag

netic moment may be considered constant for the sample in the tem
perature range of interest**.
portional to Hp.

This means that Mt is directl y pro

A large Mt is desirable as the amount of signal

in the receiving coil is dependent upon this magnetic moment.
Successful magnetometer designs have used a polarizing field
intensity of 100 oersteds applied for one second [22 ].
B.

Release of Pol ariz ing Field
When the polarizing field is released, it must col lapse rapidly.

The time, for a change in magnetic field magnitude, is not critical
as long as the time is short with respect to the spin-lattice

*An atomic nucleus in an excited energy state may l ose its excess
energy by particle or photon emission. See pp. 369-373, ref. [23].
**Roughly 0-50 degrees Centigrade.
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constant, T1.

Extreme care must be taken when the direction of the

magnetic field is changed, however, as the phase coherence produced
by polarization may be lost.

The field across the sample during

polarization is the resultant of the earth's field and the polariz
ing field.

If the polarizing field is large with respect to the

earth's field, the resulting field is essentially of the same mag
nitude and direction as the polarizing field.

The resulting field

direction does not change very much until the polarizing field
decreases to about two oersteds.

As the polarizing field continues

to collapse, the resulting field changes direction rapidly since .
the magnitudes of the two contributing fields are approximately equal.
The sample magnetization vector faithfully follows the changing
field vector if the time rate of change is long compared to a pre
cession period of the sample protons.

If the change in direction

is accomplished in a time which is short compared to the precession
period, precession takes place (25].

In this case, the resulting

condition is analagous to a mechanical gyroscope.
An acceptable polarizing field collapse is illustrated in
Figure 3.2.
t1•

The polarizing field intensity is 100 oersteds until

At time t1, the field is reduced until at t2, it reaches a value·

of about 4 oersteds.

The time required for this reduction of the

field is not critical, but it should be much less than T1, the spin
lattice relaxation time.

The final collapse of the field must sat

isfy the conditions for precession to occur.

This is accomplished

by simply open circuiting the coil connections, which results in an
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underdamped circuit.

The subs equent ringing is at the self resonant

frequency of the coil and its connecting cable.

The ringing frequency

must be high enough s o that the precess ion in the s ample is not
disturbed.

This places an important constraint on the coil design.

Final field collapse s hould take no longer than 30 micro s econds [22].
At time t2, when the coil is open circuited, precess ion begins .

The

pre- amplifier is connected at time-t3 and the measurement may be taken.

The coil and switching design mus t minimize this time difference.
C.

The Signal
The received signal will ideally appear as an exponentially·

damped sinus oid.

The initial magnitude of the signal at the start

of precession is express ed as
V0 = K a M0 f sin(2 7Tft)

volts

(3.4)

where M0 is defined by Equation (3. 3), f is the larmor frequency given
by Equation {3. 1), and K contains the constants and the factors de
termined by the coil geometry.

The factor, a, is the filling factor.

The filling factor is determined by the amount of hydrogen nuclei
influenced by the coil.

The magnetometer is not greatly effected by

changes in this term as frequency is the measured variable.

This

term does affect the time the signal is available, s o the magnetometer
is designed to maximize it by choice of sample and design of coil.
A solenoid type of coil is normally used in magnetometer design.
By neglecting fringe effects and assuming a spherical sample at the
center of the s olenoid, the factor K is given by [25]
K = 57r2 N A 10 -B

(3. 5)
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in units of oersted second volt abcoulomb-1 abvolt- 1, where N equals
the number of tu rns of the coil, and A is the area of the coil in
cm 2 •

A sample calculation using a 1000 turn coil with a radius of

5 cm is shown in Appendix C.

The value calculated for V0 is

approximately 3 . 5 microvolts assuming a filling factor of 0. 5.

This

calculation assumes the polarizing field is perpendicular to the
magnetic field of the earth.
As precessional coherence is lost, the signal decays exponen
tially.

The signal indu ced in the receiving coil is given as [25)
Vt = V0 exp (- t/T2 )

volts

where T2 is the spin-spin relaxation time.

(3. � )
In general, T2 is much

less than T1 , - but for water they are nearly equal.

The spin-spin

relaxation time is determined by the interaction of the spins in
the sample.

The m� jor interaction of the hydrogen nuclei in water

is due to the proton ' s magnetic moment, and this is small enough
so that T2 is about 2. 5 seconds [ 23 ].
Equation (3 . 6) assumes the magnetic field across the sample to
be homogeneous .

When the field is not homogeneous, the protons in

different locations in the sample will precess at differing fre
quencies, hastening signal decay.

A field gradient of 10 gammas*

will decohere the water sample in about one second [21].

in the sample will have the same effect.

*one gamma is equivalent to 10 -5 oersted.

Impurities

Two ideal signals with
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differing spin-spin relaxation times are shown in Figure 3. 3.

The

ave rage magnet ic field of the earth is approximately 0. 5 oersted,

yielding a larmor frequency Qf 2000 Hertz.

Only the signal decay is

shown in the figure for clarity.
In the preceding discussion, the coil was oriented perpendicular
to the earth ' s magnetic field.
signal at the coil terminals.

This orientation produces the maximum
Any other coil orientation will

decrease the available signal by some amount.

If the axis of a

solenoidal receiving and polarizing coil is positioned at an angle
8 with the direction of the earth ' s field , the component of magnet ic
moment which precesses is proportional to sin e, and the flux cutting
the receiving coil is proportional to sin e.

Hence, the signal

amplitude is proportional to sin2 e, and falls by 50% for e = 45° [25].
D.

Signal Amplificati01 .. and Measurement
· The signal available at the receiving coil terminals bas a

magnitude of about one microvolt.

The measuring circu itry will

require a signal magnitude of about one volt.

This indicates a

voltage gain of 10 6 which must be supplied by an amplifier designed
to add a minimum amount of noise*.

Careless amplifier design can

create a noise problem even if the signal to be amplified is in the
millivolt range.

Extreme care will be required with the amplifier

design if the signal is to be detected in the noise.
*Noise will be defined as all contaminations of the desired signal,
broadly speak ; ng, any unwanted signal in the amplifier.
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The measurement made in the magnetometer is signal frequency.
Frequency measurement is independent of the signal strength as l ong
as there is enough signal to drive the measuring circuits.

If the

signal strength i s measured accurately for a given coil geometry
and orientation . the rel ative amount of hydrogen nucl ei contributing
to the signal may be measured.

Equation (3. 4) shows that the signal

available at the receiving coil is proportional to a, the fil l ing
factor.

This rel ationship forms the basis for an attempt to measure

soil moisture content.
Assuming a constant coil geometry and coil orientation, with
a fixed polarizing program, the signal magnitude at the start of
precession is dependent only on the larmor frequency and the fill ing
factor.

The frequency varies with the earth's magnetic field accord

ing to Equation (3 . 1).

Variations in the earth ' s magnetic fiel d

have been observed on a daily and seasonal basis.

The greatest

variations have been observed during magnetic storms and range in
value up to 50 gammas ( 26 ] .

A change of fifty gammas would only

affect the signal magnitude 0. 1% in an average field of 0. 5 oersted.
Under these conditions, knowing the value of the signal strength at
the start of precession is a very good measure of the fill ing factor
or amount of water in the sample.
The practical problem in determining the fill ing factor is
ill ustrated in Figure 3. 3.

Du e to the amount of time necessary for

the total col lapse of the pol arizing field, no measur�ment may be
made until time tx , this corresponds to t3 in Figure 3. 2.

As the decay
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time changes with soil type, the measurement taken at time tx will
vary .

Ideally, tx and t 2 should coincide for minimum measurement

error but since the polarizing field cannot be collapsed instan
taneously, some finite delay must be tolerated.

Improvement in

both signal strength and measure ment accuracy is made if the del ay
is minimize d.
The proposed soil moisture measuring device is shown in block
diagram form i n Figu re 3. 4.

It will be similar in design to the

proton magnetometer to give an experimental base from which to
start.

The design requirements will be more stringent than the

magnetometer because the magnetic moment and the relaxation time
of the sample will be smaller than for distilled water.
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CHAPTER . IV
EXPERIMENTAL WORK
The comple te sensing system shown in Pigure 3. 4 would not be
necessary to evaluate the value of proton precession as a moisture
measuring device.

An oscilloscope could serve initially as the

amplitude sampling and the read out circuits.

Therefore, the initial

design consisted of the coil, switching circuits , preamplifier, and
the tuned amplifier.

The tuned amplifier was considered first since

it would be able to suppl y the necessary amplification to make noise
measurements on the preamplifier.

The coil and switching circuits

were considered last as the amplifiers would be necessary to fully
evaluate their performance �

At this point, perhaps a review of

general requirements is in order.
The measuring device must be rugged and reliable.

It must be

capable of remote, automatic operation from a self contained power
source.

This power source should be able to sustain operation over

a full growing season.

The device should be easy to install in the

field by untrained personnel following simple instru ctions.

Main

tenance should be unnecessary for at least one growing season.

The

two major problems anticipated were the amplifier noise and the time
required to collapse the polarizing field.
In view of the power supply requirement, a supply of 12 volts
was chosen for the whole system.

This value is easily and

economically obtained in various types of batteries.
volts also allows some latitude in the circuit design:

A supply of 12
A greater
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supply volt age wou ld increase power supply cost, and a l esser vol tage
would possibly necessit ate a separate pola rizing power supply.
A.

The Tuned Amplifier
Since the signal input t o the preamplifier could be as l o · as

0. 1 microvol t, the overal l amplifier voltage gain* shoul d be approxi
mately 107.

The decision to split this gain requirement was due

in part to t he precedent in the proton magnetometer.

Al so, with so

much gain on one chassis, the ampl ifier sta bility might be question
able wit hout a great deal of at tent ion t o shieldinL .

A separate

preamplifier wil l permit operation of t he sample and coil remote from
the measuring equipment and power supplies.

The signal wil l be

amplified sufficiently t o drive a low impedence cabl e leading to t he
tuned amplifier.
The tuned amplifier schematic is shown in Figure 4. 1.

The

first prototype did not include the active filter, as the bandwidth
was al l owed to be rather broad to include frequencies from 1. 4 t o
2. 6 kilohertz.

This bandwidth includes the range of expected larmor

frequency variations on a major part of the earth's surface [22 ] .

The

first prot otype design assumed an input to t he t uned amplifier in the
mil livolt range.

The corresponding preamplifier was required to pro

duce a broadband vol tage gain of about 10 4 .

*

This l arge untuned gain

Amplifier vol tage gain is defined as a ratio of the output volt age
to the input voltage.

___..,__________,.___,.________.....,___,.__________..____ + 1 2 vo l ts
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coupled with the broad bandwidth of the tuned amplifier resulted in
s aturation of the amplifier trom sources such as fluorescent light
fixtures and 60 Hertz radiated from the power lines and tes t equipment
in the laboratory.
preamplifier.

There was no choice but to lower the gain of the

The bandwidth of the tuned amplifier was narrowed by

adding the active filter shown in �igure 4. 2 [28 ) .
No particular care was taken to stabilize the A. C. gain* of the
circuit with respect to temperature change.

Since this was a labor

a tory prototype, its operation would be at room temperature and a
long warm up time could be tolerated.

The input s tage was carefully

designed to minimize noise. contribution.

An input transformer was

necessary to match the low impedence cable to the input trans istor
due to noise cons iderations.

A discussion of low noise amplifier

design is to be found in Appendix D.
The amplifier was constructed in a steel utility cabinet which
measured 5x4x3 inches.

Great care was taken to minimize lead lengths

and to supply adequate shielding s o that the possibility of insta
bility would be minimized.
the input and output.

BNC type coaxial connectors were used on

The 12 volt supply was a nickel- cad ium re

chargeable battery contained in the cabinet with the amplifier.
The completed amplifier was tuned to a center frequency of 1800
Hz.

The 3 db. bandwidth was 300 Hz. , and 60 Hz. response was down

* 1 n this case, the A. C. voltage gain at 1800 Hz.

See ref. [29].

+ 1 2 vol ts
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22K
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. 0082
. 0082
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NOTE :
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K = 103 ohms
Figu re 4. 2

Active Filter
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to such a degree that it was mea sureable.

The amplifier maximum

· volta ge ga in was 5 x 10 5 and the noise referenced to the input was
less than 0. 1 microvolt.

All· measurements were taken a t room

temperature.
B.

The Preamplifier
The primary requirement of the preamplifier is production of low

noise gain.
the coil.

The input impedence must be high s o that it does not load
The output impedence must b

to the input of the tuned amplifier.

low enough to drive the cable

Again, care must be taken with

ground connections a nd power s upply decoupling s ince the power supply
is common with the tuned amplifier.

Low noise design is of utmost

importance in this ampl � fier and is discussed in Appendix D.
The preamplifier circuit is shown in Figure 4.3.

The unit was

constructed in an a luminum utility cabinet together with the swit ching
relays.

Since the preamplifier and switching relays wi11 be located

near the coil and s ample , non magnetic ma terials are desirable.
relays of course, will ha ve s ome magnetic material content.

The

Ferro

magnetic materials in the vicinity of the sa mple would very likely
produce a field gradient acros s the s ample.

As discus s ed earlier, •

this would ha s ten the decay of the signal.
Initially, no decoupling wa s provided for the 12 volt supply to
the prea mplifier, resulting i� amplifier os cilla tion.

This was rem

edied by add ing the 1. 5K resis tor in series with the +12 volt source,
and bypassing the preamplifier end of the resistor to ground with a
100 microfa rad capa citor.

The voltage gain of the prea mplifier wa s

+12 volts
lOK

3 0K

lI

0. 1

0

Input ·

I

82K*

I

5 2. 3K*

. 012

1 . 5K

10

1 00

. 33

390*

39

NOTE :

All capacitor va lues are in microfarads .
Resistor values are in ohms , K = 103 , M = 106
• indicates metal film type resistor
Figure 4. 3

The Preamplifier
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approx imately 100 when connected to the cable driving the tuned
amplifier.

The input impedence was approximately 40K ohms, and the

noise contribution referred to the input was less than 0. 1 micro
volts.
C.

The Coil and Switching Circuits
The design of a suitable coir is probably the

task in the whole design problem.

ost frustrating

The problem, briefly, is the com

promise between signal strength and turn off time.
strength is given by Equations (3. 4) and (3. 5) .

The signal

In Equation (3. 5),

which contains the factors pertaining to the coil geometry, K is pro
portional to the number of turns and the area of the coil.
strength is proportiona� to K in Equation (3. 4).

The signal

Tr, i s indicates that

the larger the coil is, and the more turns it has, the larger the
signal at the terminals will be ,

On the negative side, the larger

the coil size, the more energy is stored in the magnetic field for a
given field intensity .

Also, as a greater number of turns is added

to the coil, not only the inductance increases, but the equivalent
capacitance across the coil increases, greatly lowering the self
resonant frequency of the coi l.

The effects of the natural resonant ·

frequency were discussed in Chapter III, Part B.

The coil must self

resonate at a frequency much greater than 2000 Hz . in this application.
The effect of a greater amount of energy stored in the magnetic
field when the polariz ing current is supplied, is to increase the
time required to release the field.

Due to the inherent resistance
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and capacitance of the coil, the field cannot simply be " turned off" .
Time is required to dissipate the stored energy.

This time must be

mi nimized.
In view of the problems involved in the coil design, it was
decided to build the coil similar to coils in magnetometer design.
One coil used in a successful mag�etometer had a radius of 5 cm. and
1 000 turns.

The coil was constructed on a 500 ml. bottle which con

tained the water sample.
ted copper wire.

It was wound with #24 AWG* enamel insula

The coil was wound in four separate sections of

250 turns each, to reduce the capacity between turns.

It was hoped

that by carefully winding the coil to minimize capacitance, and
increasing the wire siz e to decrease the resistance, a suitable coil
could be bu 1 1t •
Three different coils were actually constni cted.

The first

attempt was a solenoid type of 1200 turns wound in six sections.
The radius of the coil was 8 cm. and its length was 13 cm.

So much

noise was induced by external sources that the coil was split into
two coils of three sections each.

These were series connected and

positioned so that an external magnetic field acting on both coils
would produce voltages in each coil of equal magnitude but opposite
polarity.

This would produce a voltage cancellation and no output to

the amplifier.

The noise level was of such magnitude and evidently

*American Wire Gauge .

See ref. (30].
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had enough gradient in its field, that this also failed.

A torroidal

coil was constructed to determine if this geometry would reduce the
noise problem .

Althou gh the geometry seemed to reduce the observed

noise, it was discarded because it would not lend itself to easy
field installation.

The third and final coil was a 1000 turn coil

on a 500 ml. plast ic bottle.
in four sections.

The coil was wound with #10 AWG wire

The inductance was about one Henry and the

resistance was three ohms.

The self resonent frequ ency of the coil

and a two foot long coaxial cable was 120 Kilo!: . . rtz.
The switching control is responsible for connecting the po
larizing power supply, protec � ing the input of the preamplifier from
transient voltages, and collapsing the polarizing field .

The magne

tometers studied a·l l used relays to accomplish these functions.
Since the current cannot be changed instantaneously in an inductor,
the possibility of large transients is great when an attempt is made
to collapse the field rapidly*.

The possibility exists that the

switching could be accomplished with semiconductor devices, but the
transients involved would have to be handled very carefully to assure
reliable operation.

The decision was made to use relays in the

prototype to simplify the design requirements.

Possibly the quickest

and simplest met hod to collapse the polarizing field would be to open
the relay which connects the polarizing power supply to the coil.

The

energy in the field will be dissipated primarily in an arc across the

•For example,

see pp. 243-2 45 in Ref. [31] .
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relay contacts.

This method will rapidly vaporize the relay contacts,

but it is used in one magnetometer studied.

If any damping of the

coil transients is attempt ed, it must meet the requirements outlined
in Chapter I II, Part B.
The 1N697 diodes and the associated resistor and capacitor in
Figure 4. 4 . allow the field to colla pse in a manner similar to that
shown in Figure 3. 2.

The diodes behave as switches and will cease

to conduct when the forward voltage across them drops to about 1. 4
volts [29].

The coil is overdamped when the diodes are condu t ing,

and the field will decay exponentially.

When the diodes cease to

conduct, the coil is grossly underdamped , and the collapsing field
will oscillate at the resonant frequency of the coil paralleled by
the capacitance of the connecting c ble.

No particular care was

taken in the init1 � 1 cho�ce of these diodes, and the turn off response
was terrible.

The diodes were then selected for low capacitance and

high switching speed.

The lN697 fulfills the requirements.

The remaining diodes, resistor, and capacitor su ppress tran
sients and delay the release of RL 2.
of the preamplifier to the coil.

This relay att ches the input

The delay in release allows the

transients from the collapsing polariz ing field to disappear before
the preamplifier is connected.

No value is given for Rl and Cl, as

these values control the delay ·time and were varied throughout the
experiment .
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D.

Experimental Results
The results of this ex periment were negative .

A combination

of inability to collapse the polarizing field quickly and external
noise defeated the experimental objectives.

Probably the greatest

error in the �xperiment was the gross underestimate of the magnitude
of environmental noise at the frequencies of interest.
The initial obj ective was to use a sample of distilled water to
get maximum signal s trer:., th.

Once the signal was observed on an

oscilloscope, the timing_ of the switching circuits would be
optimized, and the amplifier could be tuned to the exact frequency
dictated by the local magnitude of the earth's magnetic field.

This

magnitude was measured to be between 0. 4 and 0. 5 oersted using a
The signal frequency should lie between

Bell model 110A Gaussmeter.

1700 Hz. and 2120 Hz . , which easily falls in the bandwidth of the
tuned amplifier.

However, any possible signal observation was

precluded by noise which the coil was picking up from the s urroundings.
The initial test was made in a laboratory situated . in the basement of
Crothers Engineering Hall.

The amount of external noise generated a

search for the noise sources.

The maj or source of this noise was

the bank of transformers which supplied power to the building, which
were located in an adjacent room.

Obviously, not enough consideration

had been given to the externall y generated noise, and a major change
was in order.
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The experiment was moved to Harding Hall which was then only
one third occupied.

The bandwidth of the tuned ampl ifier was de

creased, and the time of the experiments was restricted to late
nights and early mornings.

Although the amplifier was no l onger

saturated with the external noise, the noise magnitude was yet too
great to hope to see a signal.

It was interesting to note the

changes in relative noise level with time of day.

As activity within

the building decreased in the late afternoon, the noise picked up
by the coil decreased to about half the peak value.

At midnight,

the noise began to decrease until it reached a minimum of abou t
one fourth of its peak daytime value at approximately one O ' clock
A. M. , at which l evel it remained until the start of the working
day.

These observations were only made with the described tuned

amplifier at 2000 Hz.

No attempt was made to determine the· fre

quency distributi on of the observed noise.

Even at its minimum, the

noise l evel had a peak voltage of about 15 microvolts at the pre
amplifier input.

The search for noise sources turn_ed inward again.

Up to this point, a variabl e voltage power suppl y had been
used for the polarizing power source.

Now that the noise from sources

other than the experimental equipment had been minimized, the power
supply was discovered to be a contributor.
twelve volt lead-acid storage battery.

It was replaced by a

The oscilloscope used until

now had been a bove suspicion, but to be on the safe �ide, the coil
and sample had been placed at least ten feet away from the test
equipment.

The original oscil loscope, a Tektronix model 545A,
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was replaced with an inexpens ive Heathki t model 0 - 5, and the effect of
· operating the Tektronix 545A was noted.

Surpri si ngl y, the noi se

contributed by the Tektronix 545A was much greater than the power
supply.

Since a good oscil l oscope was necessary to make any

reasonable measurements, the coi l and sample would simpl y have to
be l ocated at a greater distance trom it.

A l onger cabl e was con

structed with great attention to shielding and grounding.

The cable

must supply power to the preamplifier, the signal from the pre
ampl ifier, polariz i ng power, and control of the relay swi tchi ng
circui ts.

The polariz ing power was conducted through a twi sted pair

of #10 AWG i nsulated wire.•.
i ndividuall y through cables

The other three functions were routed
1 th a twisted pair of conductors en

closed i n a shield.
A l i ne was stretched from the laboratory room on the second
floor of Harding Hall to a guard rail approximately 80 foot away
from the buil ding, across a parking l ot.

The coi l and sample, and

the preampl ifier with the switchi ng circuits were attached to a
pul l ey whi ch ran on the stretched line.

The resulti ng assembl y was

al lowed to run down and away from the building across the parki ng
l ot.

The cable permi tted the assembly to reach about a 40 foot

distance from the building.

At thi s location, the noi se contribu

tion from the osci ll oscope was. not discernibl e in the remai ni ng noise.
A rough comparison of external noise and circuit noise could
be made by disconnecting the polariz ing battery and connecti ng the
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preamplifier input t o ground wit h the switching relays.

T he

result ing noise observed is a pessimistic* measure of t he circu it
and ca ble noise.

When t he relays are relea sed, t he coil is connected

t o the preamplifier and t he result ing noise observed is a combination
of the ext ernal noise a nd the circuit noise .

T he circu it noise was

observed to be abou t 6 db below the combined noise.

Wit h t he se

conditions, proton precession was detect ed in the wat er sample al
though t he signal was barely discernible in the noise.
Variou s at t empt s we re made to increase t he signal st rength.
T he polarizing current and time were increased.

At t empts were made

to shorten the time of polarizing field collapse and care was t aken
t hat t he coil axis remained perpel dicular t o t he eart h ' s magnet ic
field.

The maximum sig.nal observed only excedt.'.!d the noise by 3 db

initially, and decayed back int o the noise in 150 milliseconds.
T he possibility of developing a pract ical field sensor for t he aut o
matic syst em at this point seemed very remot e and t he experime nt was
terminated

• Pessimist ic in t ha t

t he st age wa c.• designed for a specific input
impedence which differs from a short circu it. See Appendix D.
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CHAPTER V
CONCWSIONS AND RECOMMENDATIONS
The int ent of t his t hesis was to investigat e an automatic ir
rigation system wit h special emphasis on finding a moisture sensor
which will satisfy t he system requirement s.

A general au tomatic

syst em was discussed and t he available methods of measuring soil
moisture were reviewed.
perimentally.

A new measurement method was at t empt ed ex

In t his closing chapt er, comments will be made on t he

att empt ed experiment.

Also, based upon conclusions reached in review

ing t he literature contained in t he Bibliography, suggestions will
be made for promising are�s for future work in sensors and in t he
aut omatic syst em.
A.

Soil Moisture Sensors
The obj ect i ve of t he experiment was to develop a met hod t o

measure soil moisture which would be compat ible wit h a n aut omatic
irrigation system.

There were limit ations on power requirements as

well as cost and inst allat ion requirements.

Had t he experiment been

successful, t he power consumption and questionable reli abilit y of the
device would have diminished its value as a remot e operat ed sensor.
The method may have some application as a moist ure sensor if a noise
fre e environment can be provided or, if a noise cancelling coil
geometry is developed, but it s use as a field measuring device does
not appear feasible.
N.

s.

I n view of t he negat ive resul t s report ed by

Harasparasad [ 20 ] using nuc l ear magnet ic resonance t echniques,

and. t he negative res ults of t his experiment, no further effort is
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recommended in this area.
The relative comparison of the different moisture sensing methods
listed in Table 2. 1, shows the capacitance method to be apparently
the best choice .

The literature review found only one paper which

report ed a reliable method of relating capacitance change in the
soil to the moisture content change [18 ) .
is briefly outlined in Appendix A.

The method of measurement

Laboratory test equipment was

used in that experiment and the apparent potential of the capac
itance method will only be realized when low cost circuitry is
designed to replace this expensive equipment.

More work is

recommen ded on circuit design for the capacitance method .
B.

The Automatic Irrig�tion System
The efficiency of water usage with an automatic irrigation

system is dependent upon the ability of the soil moisture sensors
to give swift, accurate measurements .

Of the available methods,

the elect rical method appears to come the closest to meeting the
system requirements as outlined in Chapter II, Part B .

The elec

trical method is easily installed and requires very little power.
However, frequent recalibrations may be necessary [11 ) .
No matter what type of sens or is used, the sensor output must
be made compatible to the input of the modulator, so that the in
formation may be transmitted to the central processor .

A small

receiver with low power requirements will have to be developed to
receive the commands from the cent ral proces sor .

The coding system

chosen for data transmission will have to take into account the cost
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of the associated hardware as well as the reliability of transmis
sion.

The requirements of the central processor mu. t be specified,

and the processor itself designed.

A power source must be selected

for the remote sensors which must be reliable and long lived.
are many problems to be solved in handling the water flow.
there is much to be done.

There

In all,

Cost must be minimized if such systems

are to be utilized in the near future.

However, as the world pop

ulation increases, and the competition for water grows, such a
system becomes less expensive with every passing day.
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APPENDIX A.
A Successful Capacitance Method for Soil
Moist ure Measurement*
Several commercial capacitance ' meters ' have been descri bed**,
but have been found uns atisfactory for relatively moist materials.
This seems to have raised doubts �1th regard to the utility of the
capacitance method, but the true explanation is that the measurement
error caused by the conductance of the test material h as been either
underestimated or ignored.
When dealing with a dielectric possessing appreciable con
ductance such as soil, it is convenient to use the concept of complex permittivity E defined by
E = E l - jE2

Where E is the dielectric constant,

(A. 1)
E 1 is the relative real permit

tivity, and E 2 is the relative imaginary permittivity.

The imaginary

component is related to the conductivity by the equation

( A . 2)
Where W is the angular frequency in radians .
Free water intimately mix ed or dispersed in a porous solid
has a profound effect on its electrical properties.

The values of

E 1 and E 2 for the s ubstance increase greatly as the proportion of

*This Appendix is a brief outlin� of the method disclosed in ref. (18 j.
**Ba bb 1951, Lej eune and Arnould 1958, Ma ttews 1963, Mccleod and
Yallup 1961, Millard 1 953, De Plater 1955, Shaffer 1962.
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water to solid increases ; usu ally the angle between them also in
creases.

There is, however, a fundamental difference in the si gnif

icance of these increases with respect to the problem of the measurement of moisture content.

For moderate and high values of moisture

content, the real permittivity of the substance is due, in general,
almost entirely to the high intrinsic value of the dielectric con
stant of water, and this is independent of the sorbant and almost
independent of the normal temperature variations.

On the other hand,

£ 2 of soi l depends not only on the intrinsic conductivity of pure
water, which is relatively low, but also on the conductivity arising
from the presence of soluble impurities.

Moreover this conductivity

is highly dependent on temperature.
The real permittivity of water is not significantly affected
by dissolved substances, and the value of € 1 for water varies merely
from 81 to 78 over the temperature range 15 to 25°c and this is
independent of frequ ency from 50 to 1000 Mhz.

The value of € 2 for

water decreases from about 20 at 10 Mbz. to about 2 at 100 mhz.
increases again above this frequency.

It

The real permittivities of

solid organic and in organic constituents of soil in the dry condition
range from about 2. 0 to 5. 0 ; but dry soil usually has a permittivity
which does not differ much from 2. 6 .
To apply the method in pr� ctice, it is necessary to have
available an instrument capable of measuring capacitance with adequate
accuracy at the desired frequency.

The frequency should be at least

high enough to insure that the in phase current does not substantially
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exceed the leading capacitance cu rrent ; this means that e 2 of the
soil should not be greater than € 1 in magnitude .

The information

on soil conductivity suggested that the instru ment frequency should
not be less than about 30 Mhz .
The device measures moisture on a volume fraction basis, and
is not sensitive to water in chemical combination.

Quite a low con

centration of water in soil will cause an appreciable increase in the
effective permittivity provided the freedom of the water molecules
to turn in the direction of the applied field is not restricted by
surface forces.

The result obtained in this experiment showed a

steady increase of real permittivity with moistu re content as moisture
is added to the dry material .
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APPENDIX B
On Proton Precession
The proton is the nucleus of the light isotope of hydrogen ;
it carries a single positive charge, equal in magnitude to the charge
of the electron.
properties :

The proton is known to have four fundamental

mass, charge, spin, and nuclear magnetic moment (24].

The proton spin or angular momentum is intrinsic to the particle
and does not depend on any orbital motion.

The proton spin can be

visualized in terms of the spinning of the particle

as

a whole about

s ome internal axis of rotation.
The nuclear spin angular momentum, P, is given by ( 24 ]
erg sec.

(B. l)

where h is Planck's constant, and I is the spin quantum number .
t he proton, I equals

i.

For

Equation (B. l) shows that the spin angular

momentum can have only two orientations relative to an external
magnetic field.

Since the nuclear magnetic moment of the proton

is in the same direction as the spin angular momentum, it also can
assume two orientations relative to the external magnetic field.
Figure B. l shows the two possible alignments.
contains many hydrogen nuclei.

Consider a volume which

If a very small . magnetic field is

applied to the volume, the number of protons in either state is
approximately equa l at any given time.

As the magnitude of the

external field is increased, the probability of finding more protons
in the more aligned position increases .

The protons are precessing
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about the applied magnetic field at all times, but their phase is
random.

Since the sample under consideration contains many protons,

the vector sum of their magnetic moments is essentially a continuous
function as the ex ternal field changes magnitude.
External field, B

Figure B . l

Space Quantiz ation of a Proton Spin [24 )

The magnetic forces acting upon a given proton within the
sample are due primarily to its nearest neighbors .

This magnetic

force due to a near neighbor is on the order of one oersted [23 ] .
With no externally applied field, it is these interacting forces which
tend to keep the protons randomly oriented.

The application of the ·

external field offers a preferred orientation in the direction of the
applied field.
A large net numbe r of protons in the aligned orientation are
precessing about the external field after a short time .

The phase

of precession is random producing a net sample magnetization in the
same direction as the ext ernally applied field .

If the direction of
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the ex ternal field is suddenly rot a ted 900, t he protons wil l not
be able t o change their orientat ion with respect to each other
immediatel y, but will begin to precess about the new field direct ion .
The net magnet ic moment exhibited by t he sample wil l rotate with the
precession.

Due to the internal magneti c forces, t he protons wil l

be sl owly forced out of alignment, and a s time becomes l arge the
protons again will exhibit a random phase relationship .

The net

magnetic moment of the sample in the origi nal ext ernal field
direction simpl y rotates at the precessional frequency and decays
in magnit ude to zero as time becomes large.

The preferred direetion

is now in the d i rect ion of the existing external field and the pro
tons precess about it in random phase.
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APPENDIX C
A Sample Calculation of Coil Output Voltage
Given :

A 1000 turn solenoidal coil of radius 4 cm enclosing a

500 cm3 volume of water.

Neglecting end effects, find the output

voltage if the polarizing field intensity is 100 oersteds.
The output voltage is given by Equations (3. 4) and (3 . 5).

Combined,

these equations give
V0 = 10 - 8 8 -r,- 2 a N A f M0

sin(2 1T f t )

volts

(C. l)

where M0 is given by Equation (3 .3) as
erg oersted-1

Using an approximate value for

X

(3 . 3 )

of 1.5 x 10- 12 erg o� rsted-2 cm-3 [ 23]

M0 = 7 . 5 .x 10-7 erg oersted-1
From Chapter III, Part C, the expected value of f is about 2000 Hz .
and as an approximation, let the dimensionle ss filling factor a, be
0. 5, and the area of the coil be 5 x 10 1 cm2 •

Substituting this

information into Equati on (C. l) and noting that the factor 10-8 is
the conversion from abvolts to volts, V0 is calculated approximately
as
V0 = 3. 94 x 10 -6 sin ( 4000 7T t )

volts

(C. 2)

The value calculated in Equation (C. 2) is valid only as an estimate
of the order of magnitude for V0 as the value of

X

is not exact.
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APPEND IX D
On Nois e Considera tions in Trans istor
Amplifier Design*
Nois e is an important considera tion because it is the primary
limit to the maximum amount of amplification obtainable.

The limit

of res olution of a s ensor, even �f it is perfectly noise free and
has infinite resol ution, will be the noise of the amplifica tion
sys tem.

The noise s ources in transistors c an be divided into three

main catagories determined by their characteristics and s ources.
The first type of nois e is from the 1/f sources.

This n ois e is

called 1/f noise, because the nois e power varies inversely with
frequency.

In transistors , this is in part dependent upon fabri

cation techni ques and c ollector current.
The second noise s ource is the thermal or Johns on nois e of
the base resis tance.

This noise is flat with frequency and makes a

particularly large contribution when the amplifier is operated from
a low s ource resis ta nce.
The third main s ource of noise is the generation-recombination
or GR s ource.
noise.

The equivalent noise in vacuum tubes is termed shot

This source is als o rela tively flat with frequency and is

sensitive to the collector current .

These three sources combine to

determine the noise contribution of the transistor.

The value of

*The discussion here is taken in large part from ref. [32] . The
interested rea der is advised to refer to A. Van der Ziel, Noise,
Prentice-Hall, Inc. : New York, 1954. for a thorough discussion.
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a particular transistor as a low noise amplifier is dependent on its
material and fabrication process, its operating point , and the source
impedence which is connected to its base.
The first step in a low noise circuit design i s obviously the
selection of a low noise transistor.

Many transistors are designed

specifically for low noise applications.

The manufacturer will

usually supply a family of curve s for these devices which will relate
the relative noise of the device to the source resistance and fre
quency.

Each curve in the family is decided by the collector current.

Since the low frequency noise becomes large due to the 1/f cont ri
bution, it is important to cut off the amplifier low frequency
response as high as possible.

As the amplifier under consideration

is a band pass type, only the noise in the amplifier pass band will
contribute to the overall amplifier noise.

Armed with the manu

facturers curves, and knowing the source impedence, the operating
point may be carefully fixed for minimum noise.
The noise factor of an amplifier can never be less than the
noise factor of the first stage sinc e the noise generated by the
first stage will be amplified along with the signal in all following
stages.

So , particular care must be taken with the design of the

input stage.

This care must also be taken with the pa ssive compo

nents, particularly the biasing resistors.

For thi s reason , metal

fil m resistors are specified for the input stages, . as their noise
contribution is much less than the ordinary carbon composition type
of resistor for a given resistance value.

